A computer program (RSITE) was developed which predicts the recognition sequence of a restriction endonuclease. The sizes of fragments experimentally determined on cleavage of a DNA of known sequence were input. Possible recognition sequences producing fragments of sizes matching those determined empirically were printed out. The program faithfully predicted the specificity of restriction enzymes of known recognition sequence and also determined the recognition sequence of a new restriction enzyme from Haemophilus influenzae GD (HinGD II).
INTRODUCTION
Type II restriction endonucleases are a class of enzymes characterized by their ability to cleave DNA molecules in a sequence specific manner. A wide variety of such enzymes have been isolated, purified and characterized and several reviews on this topic have recently been published (1, 2, 3).
The discovery of restriction enzymes has been of fundamental significance to the development of the modern technologies of recombinant DNA. Their ability to precisely cleave DNA has allowed the characterization, propagation and amplification in plasmids, bacteriophages and animal viruses of many DNA molecules. An important factor in the usefulness of restriction enzymes la the diversity among their recognition sequences.
The determination of the recognition sequence of any new restriction endonuclease requires considerable experimental effort, which may include mapping of the sites, end group analysis and direct sequencing of the cleavage sites (4). These procedures may be straightforward when the site of cleavage lies inside the recognition sequence. However, for a number of en-rymes, the recognition sequence lies some distance from the site of cleavage, and extensive sequence determination around many cleavage sites may be required to deduce the recognition sequence .
With the development of rapid DNA sequencing techniques, the complete DNA sequences of several small circular DNA molecules, such as pBR322 (5), SV40 (6) and 0X174 (7) are now available. Since these DNAs themselves are also readily available commercially, a different approach to determining the recognition sequence of an unknown enzyme can be made. By performing digestions on such DNA molecules of known sequence, one can predict the recognition sequence of an enzyme from the pattern of sizes of its digestion products. In order for such a tedious pattern recognition task to be feasible, deductions from such data necessitate the aid of computers.
Such an approach has been utilized previously (8, 9) . However, these implementations are very limited in the types of recognition sequences which may be predicted. In both cases, computer programs generate master tables of data for each individual DNA sequence used and in the case of one (8) actually require a manual search through the entire master table.
This paper describes a computer program, RSITE, to predict the recognition sequence of a restriction enzyme of unknown specificity. RSITE is able to predict any sequence which is of a type similar to that of any of the currently known type II restriction endonucleases (1). The program may be used on data generated by digestion of any circular DNA of known sequence and is not dependent upon the pre-existence of master tables. RSITE is specifically designed for use on a small laboratory microcomputer and may be readily modified to predict even larger sets of sequence types.
MATERIALS AND HETHODS

Program Description
The program, RSITE, was written in Fortran IV for use on a Cromemco System Three microcomputer, which is based upon a Z-80 microprocessor, of 8 bit word size. The size of the program is 22K bytes.
The data required by the program are the fragment sizes experimentally determined by digesting any circular DNA of known sequence with the enzyme of unknown specificity. Thus, the input data used by RSITE is (a) the sequence of the DNA used experimentally, and (b) a list of fragment sires (each with appropriate percentage errors) found on cleavage of this DNA by the restriction enzyme.
RSITE may be executed interactively or non-interactively. A copy of output from an interactive run is shown in Figure 1 . The aet of recognition sequences which can be predicted by the program are shown in Table I .
Progran Logic
The set of unique possible recognition sites from Table I is generated by means of a combinational generator. Only half the nonpalindromic sequences need to be generated, since a nonpallndromic sequence and its complement are screened together. been made or a valid match found. This screening process is repeated for each sequence generated by the combinational generator.
A second subset of possible recognition sequences is created by screening each recognition sequence in the first Percentage errors were arbitrarily assigned to each determined fragment size using the following guide: 1-50 basepalrs, 20Z error; 50 -100 basepalrs, 15Z error; 100 -1500 basepairs , 10Z error; 1500 -3500 basepalrs, 15Z error; >3500 basepairs, 20Z error. This guide was generated by comparison of the experimentally determined sizes with those from sequence analysis of the known restriction endonucleases described above.
The restriction endonuclease HinGD II was purified from Haenophilus lnfluenzae strain GU by chroaatography on phosphocellulose and single-stranded DNA agarose. Details of the purification and characterization of this enzyme are described elsewhere (17; R. W. Blakesley, C. M. Tolstoshev, G. Nardone and J. G. Chirikjian, manuscript in preparation).
RESULTS
Prediction of the Sequence of Known Enzymes
The program RSITE was tested on nine sets of digest data, taken from the literature, for restriction endonucleases of known recognition specificity. The results are shown in Tables II  and III. In six of the nine sets of fragments, a unique recognition sequence was predicted in agreement with that previously determined. For two of the three remaining sets of data, two sequences were predicted, and the third set, which only consisted of two cleavage fragments, predicted three sequences. In each of these latter three cases the correct sequence was among those predicted.
Unknown Enzyme
Table IV contains the data used to predict the recognition sequence of an enzyme of unknown specificity, HinGU II. Attempts to determine the recognition sequence of HinGU II experimentally (Blakesley, R. W., unpublished observations) had met with little success. For those cleavage sites which were sequenced no pattern of bases had been consistently found. This enzyme, therefore seemed a good candidate for testing the usefulness of the RSITE program.
The digest data used were from HinGU II cleavage of 0X174 DNA (see Materials and Methods). Two sequences were predicted by the program. One of the two sequences, TUATYA, could be tentatively discarded because the theoretical fragments produced by a computer search (16) of 0X174, although satisfying the RSITE program requirements, did not fit the experimental data. There were not two fragments corresponding to the experimental fragments of length 455 and 390, but rather one fragment of length 420. This fragment fell within the error limits of both fragments and therefore satisfied the search for both.
The sequence GGATG/CATCC, however, was found to give rise to fragments which corresponded in position to those found by restriction mapping of 0X174 and In size to the fragments found on single digest of 0X174 by HinGU II (17) . The sequence of 0X174 was then examined around the previously sequenced cleavage sites of HinGU II and GGATG/CATCC was found to occur 9-11 bases away from the cut site in each case. It was then concluded that GGATG/CATCC was indeed the recognition sequence for HlnGU II.
Incomplete Cleavage Data
In Table V is shown an example of the effect of omitting one or more of the cleavage fragments from a digest. Not all fragments were necessary to obtain a unique sequence. Larger Data from StuI digest of SV40. StuI recognition sequence is AGGCCT, (14) . X indicates that this fragment was used.
dieted, compared with 80 when only the smallest four fragments were used.
Order of Data Entry
The program logic used to screen each restriction fragment is Identical for every fragment. Therefore, one would not expect the order of data entry to affect the results. In fact, for a Hae II digest of 0X174 and a Hind II digest of SV40 (data not shown) the order of data entry did not affect the sequence predicted.
Fragment Size Distribution and Error Limits
In cases where a restriction digest yields a very small number of fragments, it is often not possible to predict a unique recognition sequence. In these cases, the relative sires of the fragments can be important in determining the number of sequences in the final set. For example, in two cases where only two restriction fragments occurred (Table VI) from Hha I is much smaller than that from Eco RII and, therefore, the error limit is smaller. The other factor is that the first fragment is extremely large, thereby reducing the number of possible sequences very effectively (see also Table V). A reduction in error limits can greatly reduce the number of sequences produced when the digest contains few fragments of uniformly large size. This is demonstrated by the example of Pvu II in Table VI . An alternative solution in these cases is to repeat the digest on a different DNA which gives more fragments. From an Eco RII digest of 0X174 giving two fragments, Table VI, the program predicted 72 possible recognition sequences. On a digestion of SVAO, however, Eco RII yields 15 fragments and the final set of sequences generated by the program contained only two possible recognition sequences, one of which is correct (data not shown).
DISCUSSION
The program RSITE is designed to predict the recognition sequence of restriction endonucleases. RSITE was tested with a number of known enzymes and In every case the correct sequence was amongst those predicted, in the majority of cases uniquely. In addition, the program was used to determine the recognition sequence of an unknown enzyme. The program was specifically designed for use on a small laboratory computer, where there are constraints on memory space and storage capacity. The RSITE program does not require an accurate data set and operates on minimal experimental data.
Hissing Fragments
There is the possibility, when carrying out a restriction digest, that certain restriction fragments will not be detected on the gel. It is a frequent occurrence for a restriction digest to yield two or more fragments whose sizes are sufficiently close that they appear as one fragment on a gel. In addition, it is quite common for the smaller fragments, those less than 100 bases long, to go undetected, especially when using ethidlum bromide stained gels. However, duplicate sized or missing fragments will not hinder the operation of this program, since the only requirement is that a given recognition sequence generates at least one fragment corresponding in sire to each experimental fragment. In many cases, not even all the fragments found experimentally are necessary to obtain the final set of possible recognition sequences. An example of such an instance is shown in Table V . It can also be seen from Tables II, III and IV that in most cases the last fragment input was not required.
Accuracy of Input Data
For the program to yield correct predictions, clearly the actual restriction fragment sizes of the given enzyme must lie within the error limits assigned to the experimental size estimations. If any fragment lies outside the estimated size range, the correct sequence will be lost from the current set of possible sequences and will never be considered again. 
Comparison with Existing Programs
The RSITE program described in this paper was specifically designed for a small laboratory microcomputer where memory space and storage capacity are often limited. This is in contrast to the two previous programs (8,9) which were both written for large main frame computers. 5 . Failure to detect experimentally small or duplicate fragments greatly hinders the prediction of the recognition sequence by this method.
A second program (9) likewise produces two master tables for any particular circular DNA of known sequence. One stores the computer generated pattern of fragment lengths between consecutive occurrences of any given tetra-, penta-or hexanucleotlde sequence and the second, a list of sequences which give rise to any fragment length generated. The program takes experimental digest data and compares it to the second master table to predict a set of possible recognition sequences, 2 , -(N) 3 , -(N) 4 , and (N) 5 , all of which may be predicted with the RSITE program.
The ability of RSITE to predict recognition sequences of the more complicated types, such as (N) 3 to (N)j , is of particular importance. These types of recognition sequence are very difficult to Identify by experimental means, owing to the random nature of the central bases. There are currently approximately fifty restriction endonucleases isolated whose recognition sequences remain, as yet, unidentified (1). In nany cases, the cause may be that the sequence Is one of these types which is difficult to identify by experimental means alone.
Experimental determination of a recognition sequence can be a very time consuning procedure. While it is not Intended that this program should completely replace experimental methods, It can considerably reduce the preliminary experimental work usually required. Once a recognition sequence (or a small set of sequences) has been predicted from a single digest on a particular DNA molecule, specific experiments can be designed to confirm the prediction, for example, by sequencing several cut sites. Alternatively the predicted sequence(s) could be used to predict restriction digest results on other DNA molecules. A correct result would confirm the prediction of recognition sequence made previously, or determine which of several predicted sequences was correct. Using either method of confirmation, the experimental work required would be considerably less than that of determining a recognition sequence by experimental means alone.
